Introduction
Transition metal systems have been demonstrated to activate the C-H bonds of a range of organic substrates.
1-3 The combination of metal-mediated C-H activation and C-C bond formation offers the potential for broad application and is an attractive target for catalytic C-H functionalization.
1,2,4-10 For example, the hydroarylation of olefins (Scheme 1) provides an atom-economical route to C-C bond formation with aromatic substrates that is complementary to established and useful catalytic cycles based on carbon-halide or carbon-triflate activation (e.g., Suzuki, Heck, Sonogashira, Stille, Negishi, and related reactions).
11-17 Although these catalysts have become important synthetic tools, such methodologies have limitations. For example, Suzuki and related reactions require the generation of carbon-halide bonds and typically produce stoichiometric metal waste. Lewis acid-catalyzed alkylation of aromatic substrates (i.e., Friedel-Crafts catalysis) has been both historically and practically important. 18 However, Friedel-Crafts catalysis often exhibits issues with selectivity (e.g., polyalkylation is a common problem) and in many cases consumes nearstoichiometric quantities of catalyst. 18 Advancements with new solid-state catalysts have provided improvements but require high temperatures, and polyalkylation remains problematic. 19 Progress has been made toward the development and understanding of single-site homogeneous catalysts for the hydroarylation of olefins; 1,2 however, catalysts that convert simple arenes (e.g., benzene) and unactivated olefins (e.g., ethylene, propylene, etc.) into alkyl arenes via metal-mediated C-H activation remain rare. [20] [21] [22] [23] [24] [25] [26] [27] Our groups have been exploring the manipulation of a series of TpRu(L)(NCMe)Ar {L ) CO, PMe 3 , or P(pyr) 3 ; pyr ) N-pyrrolyl; Ar ) aryl} complexes that serve as homogeneous catalysts for the hydroarylation of olefins. 21, [28] [29] [30] [31] [32] [33] [34] [35] * To whom correspondence should be addressed. E-mail: brent_gunnoe@ ncsu.edu. (13) Fanta, P. E. 
Scheme 1. Hydrophenylation of Ethylene
Mechanistic studies implicate a catalytic cycle initiated by TpRu(L)(η 2 -olefin)Ar formation via NCMe/olefin ligand exchange, olefin insertion into the Ru-Ph bond, aromatic coordination to the subsequent unsaturated Ru-alkyl complex, and aromatic C-H activation to release alkyl arene. 28 Initial studies of catalysis with TpRu(L)(NCMe)Ar systems that have compared the effects of altering the ancillary ligand "L" suggest that a ligand with significant π-acidity is optimal. 34, 35 Consistent with this hypothesis, TpRu(CO)(NCMe)Ph is, to our knowledge, the most active homogeneous catalyst for the hydrophenylation of ethylene that proceeds through a metal-mediated C-H activation pathway. 21, 28, 29 However, this complex suffers from decomposition over a period of several hours under catalytic conditions. Studies of TpRu{P(pyr) 3 }(NCMe)R (R ) Me or Ph) have revealed that the steric profile of the P(pyr) 3 ligand, in combination with the bulky Tp ligand, acts to inhibit coordination of olefins, thus limiting catalysis. 35 In an effort to more precisely delineate the effects of the ancillary ligand "L" on Ru-mediated olefin hydroarylation activity, we sought to prepare and study the reactivity of TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph. The bicyclic phosphite 4-ethyl-2,6,7-trioxa-1-phosphabicyclo-[2.2.2]octane, first prepared by Verkade et al., 36, 37 potentially offers a ligand with an amenable steric profile and a Ru system with metal-based electron density intermediate between that of the more electron-rich TpRu(PMe 3 )(NCMe)R and the more electron-poor TpRu(CO)(NCMe)R systems. Herein, we disclose a combined experimental and computational study of ethylene hydrophenylation catalyzed by TpRu{P(OCH 2 ) 3 CEt}(NCMe)-Ph.
Results and Discussion
Synthesis of TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph. TpRu{P(OC-H 2 ) 3 CEt}(NCMe)Ph (4) was synthesized in four steps from the known complex TpRu(PPh 3 ) 2 Cl (Scheme 2). 38 Refluxing TpRu(PPh 3 ) 2 Cl in benzene with a slight excess of P(OCH 2 ) 3 CEt for 3 h gives TpRu{P(OCH 2 ) 3 CEt}(PPh 3 )Cl (1) in 93% isolated yield. The 31 P NMR spectrum of complex 1 reveals two doublets (130.6 and 46.0 ppm) with 2 J PP ) 57 Hz. An X-ray diffraction study of a single crystal has confirmed the identity of 1 ( Figure  1 , Table 1 ). The structure of 1 reveals a pseudo-octahedral coordination sphere with the Ru-P(1) bond of PPh 3 {2.351(1) Å} elongated relative to the Ru-P(2) bond of P(OCH 2 ) 3 The most similar system to complex 1 that has been structurally characterized is Cp*Ru{P(OCH 2 ) 3 CEt} 2 Cl (Cp* ) η 5 -C 5 Me 5 ), reported by Nolan et al., which has Ru-P bond distances {2.250(9) and 2.212(9) Å} comparable to complex 1. 40 Alkylation reactions that involve loss of chloride from TpRu-Cl systems are often unsuccessful. Thus, we sought a chloride/triflate metathesis to provide a more labile ligand. Complex 1 reacts with silver triflate at room temperature to form TpRu(PPh 3 ){P(OCH 2 ) 3 CEt}OTf (2) (OTf ) trifluoromethanesulfonate) in 98% isolated yield. The two resonances in the 31 P NMR spectrum of 2 (129.6 and 43.7 ppm, 2 J PP ) 56 Hz) shift slightly compared to complex 1, and the 19 F NMR spectrum of 2 reveals a singlet at -76.2 ppm. Taken from a single-crystal X-ray diffraction study, Figure 2 (Table 1) shows a pseudooctahedral geometry for complex 2 with the triflate ligand coordinated η 1 through an oxygen atom. The Ru-P bond lengths are similar to those of complex 1, with the Ru-P(1) bond distance {2.364(1) Å} of the PPh 3 ligand of complex 2 elongated relative to the Ru-P(2) bond distance {2.212(1) Å} of the phosphite ligand. Comparing the Ru-N(1) bond length {2.092(3) Å} of the Tp arm trans to the Cl ligand for 1 reveals a trans effect, with the Ru-N bond 0.05 Å shorter than the average {2.146(4) Å} of the two other Ru-N bonds, which are trans to the P-donor ligands. The effect is enhanced in complex 2, with the Ru-N(1) bond length {2.061(2) Å} of the pyrazolyl ring trans to the triflate ligand 0.08 Å shorter than the average Ru-N bond lengths {2.143(3} Å} trans to P-donor ligands.
Treating 34 and the addition of NCMe to the reaction between 4 and C 6 D 6 also inhibits decomposition. For example, heating 4 at 60°C in C 6 D 6 with 1 equiv of NCMe (based on 4) produces 4-d 5 Figure 2. ORTEP of TpRu(PPh 3 ){P(OCH 2 ) 3 CEt}OTf (2) (30% probability with hydrogen atoms omitted). Selected bond lengths (Å): Ru1-O4, 2.158(1); Ru1-P1, 2.364(1); Ru1-P2, 2.212(1); Ru1-N1, 2.061(2); Ru1-N3, 2.133(2); Ru1-N5, 2.153(2); P2-O1, 1.607(2); P2-O2, 1.597(2); P2-O3, 1.606(2); S1-O4, 1.457(2); S1-O5, 1.428(2); S1-O6, 1.427(2). Selected bond angles (deg): P2-Ru1-P1, 93.36(2); P2-Ru1-O4, 90.69(4); P1-Ru1-O4, 92.63(4); S1-O4-Ru1, 146.8(9). 
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Mechanistic studies have indicated that C-H activation by TpRu(L)(NCMe)Ph (L ) CO or PMe 3 ) systems likely proceeds by the pathway shown in Scheme 3. 28, 29, 34, 42 Initial NCMe dissociation generates the unsaturated complex TpRu(L)Ph, and benzene coordination through either an η 1 -C-H or η 2 -CdC bond is followed by C-H activation to yield TpRu{P(OCH 2 ) 3 CEt}-(NCMe)Ph-d 5 (4-d 5 ) upon coordination of NCMe. Kinetic studies, including intermolecular kinetic isotope effects for TpRu(L)(NCMe)Me (L ) PMe 3 or CO), are consistent with this mechanism. For the C-H bond-breaking step, combined experimental and computational studies suggest a σ-bond metathesis type pathway with a Ru-H bonding interaction in the transition state (Chart 1). 25, 28, 43, 44 Although computational modeling of the transition states was unable to locate bona fide Ru IV oxidative addition intermediates, 45 the calculated close Ru-H contacts (<1.75 Å) in the C-H activation transition states suggest "oxidative character" in which Ru to H backdonation may play an important role in the transition-state energy. Such a reaction pathway has been labeled an oxidative hydrogen migration by Goddard, Periana, et al. 25, 43 Given the evidence suggesting oxidative character in the benzene C-H activation transition state (see above), we have hypothesized that increasing the electron density on the Ru metal center might in turn increase the rate of aromatic C-H activation by TpRu(L)R systems. 34 Table 2 shows the rates of overall benzene C-H(D) activation and the Ru(III/II) potentials for the four TpRu(L)(NCMe)Ph complexes that we have studied {due to competitive decomposition, we were unable to determine a rate constant for the L ) P(pyr) 3 system}. The Ru(III/II) potentials can be used to approximate the relative electron density of the four Ru metal centers. Despite the fact that there are a number of factors that contribute to the k obs values for overall benzene C-H activation (see Scheme 3) as well as the Ru(III/II) potentials, a plot of k obs versus Ru(III/II) potential gives a linear correlation with an R 2 of 0.97 (Figure 4 ). Although the data set is limited, this trend is consistent with the proposal that increased metal electron density facilitates the oVerall rate of benzene C-H activation, and the linear relationship suggests that d 6 /d 5 redox potentials might be used as a predictor for the overall rate of aromatic C-H activation by TpRu(L)(NCMe)R catalysts and, potentially, for closely related d 6 complexes of Ru(II) and other transition metal systems.
Catalytic Hydrophenylation of Ethylene by TpRu-{P(OCH 2 ) 3 CEt}(NCMe)Ph (4). Previously, we have reported that TpRu(L)(NCMe)Ph {L ) CO, PMe 3 , and P(pyr) 3 } systems catalyze the hydrophenylation of ethylene. 21, 34, 35 Of the three systems, TpRu(CO)(NCMe)Ph was found to be the most active, yielding 55 TONs (turnover numbers) of ethylbenzene in 4 h at 90°C. Extensive investigations into the hydroarylation mechanism for all three systems suggest the catalytic pathway shown in Scheme 4. 28, 29, 34 Initiated by NCMe dissociation from TpRu(L)(NCMe)Ph, TpRu(L)Ph coordinates and mediates ethylene insertion into the Ru-Ph moiety. Benzene coordination and C-H activation produce ethylbenzene and regenerates the unsaturated TpRu(L)Ph complex to complete the catalytic cycle. The energetics of the two key steps, olefin insertion and benzene C-H activation, must be balanced for the catalytic pathway to proceed and avoid unwanted side reactions. For example, irreversible -hydride elimination, irreversible C-H oxidative addition, olefinic C-H activation, and multiple insertions of olefin leading to oligomerization or polymerization of olefin can compete with the desired catalysis. Along these lines, studies of TpRu(L)(NCMe)R (L ) CO, PMe 3 , or P{pyr} 3 ; R ) Me or Ph) complexes have allowed us to begin to delineate the electronic and steric parameters necessary for successful catalysis. 34, 35 For example, kinetic isotope effects are consistent with the C-H activation event as the rate-determining step for ethylene hydrophenylation by TpRu(CO)(NCMe)Ph. 28 We have demonstrated that supplanting the CO ligand with PMe 3 increases the overall rate of benzene C-H activation (see above) by TpRu(L)(NCMe)Ph (L ) CO or PMe 3 ); 34 however, the more electron-rich metal center of TpRu(PMe 3 )(NCMe)Ph also serves to increase the overall activation barrier to olefin insertion, allowing for the emergence of a competitive ethylene C-H activation route that irreversibly shunts the active catalyst from the hydroarylation cycle. 34 Moving to the complex TpRu-{P(pyr) 3 }(NCMe)Ph provides a less electron-rich metal center than the TpRu(PMe 3 )(NCMe)Ph system (Table 2) . However, investigations with this system indicated that the steric bulk of the P(pyr) 3 ligand thwarted catalysis by preventing ethylene coordination. 35 The reduced cone angle (101°) 46 of the P(OCH 2 ) 3 CEt ligand was anticipated to allow olefin coordination, while the moderate π-acidity of the phosphite was expected to potentially bias the kinetics toward olefin insertion over olefin C-H activation.
Heating TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph (4) in benzene under ethylene pressure results in the catalytic production of ethylbenzene. Testing the reactivity from 10 to 1000 psi of ethylene and temperatures from 60 to 105°C (note: 10 psi reactions were performed at 90°C and below) revealed the optimal conditions for catalysis. Representative TONs after 28 h are shown in Figure  5 . A maximum activity of approximately 10 TONs was achieved at 90°C and 10 psi of ethylene. Catalytic trials carried out at 60°C
(not shown in Figure 5 ) gave less than 2 TONs after 28 h. Increasing the temperature to 105°C results in an initial increase in the rate of ethylbenzene production, but overall nearly the same TONs after 28 h as reactions at lower temperatures. Figure 6 shows the general rates of catalysis for 4 in benzene at 25 psi of ethylene at 75, 90, and 105°C. All reactions at these conditions yield a total of approximately 8 TONs of ethylbenzene. For reactions at temperatures greater than 90°C, catalysis ceases after approximately 28 h of reaction. Increasing the pressure of ethylene decreased the overall production of ethylbenzene ( Figure 5) , suggesting that the rate of catalysis is inversely dependent upon olefin concentration. The same trend has been observed for catalytic olefin hydroarylation by TpRu(CO)(NCMe)Ph. 21, 28 Mechanistic investigations have indicated that ethylene C-H activation can compete with olefin hydroarylation for TpRu(L)(NCMe)Ph systems, and under certain conditions, this reaction is the predominant route for catalyst decomposition. 34 The initial ethylene C-H activation from TpRu(L)(η 2 -C 2 H 4 )R (L) CO or PMe 3 ) ultimately leads to the formation of η 3 -allyl complexes of the form TpRu(L)(η 3 -C 3 H 4 Me). Scheme 5 illustrates the proposed pathway for ethylene C-H activation and allyl formation, based predominantly on 1 H NMR spectroscopy studies, in which ethylene C-H activation initially forms an unsaturated Ru-vinyl species and the coordination of a second equivalent of ethylene ultimately leads to the η 3 -allyl complex. 34 Similar to TpRu(PMe 3 )(NCMe)Ph, for complex 4, recovery of the Ru system after catalysis reveals conversion to TpRu{P(OCH 2 ) 3 -CEt}(η 3 -C 3 H 4 Me) (5) by 1 H NMR spectroscopy. Verification of the identity of complex 5 was obtained through independent synthesis by heating (70°C) 4 in THF under 250 psi of C 2 H 4 for 20 h (eq 2). Complex 5 was isolated in 67% yield and has been fully characterized. 34 Thus, for complex 4, catalytic hydrophenylation of ethylene is observed, but C-H activation of ethylene ultimately competes with the rate of catalysis and serves to remove Ru from the catalytic cycle.
Computational Studies of Ethylene Hydrophenylation.
A theoretical study of catalytic ethylene hydrophenylation and pertinent side reactions by TpRu{P(OCH 2 )CEt}(NCMe)Ph was undertaken in order to provide additional insight. Computational studies (gas phase) were carried out using density functional and effective core potential methods {the B3LYP/CEP-31G(d) level of theory} at 298.15 K. The various reactions studied computationally are shown in Scheme 6.
Ethylene Hydrophenylation Catalytic Cycle. In accord with the overall catalytic cycle suggested in previous experimental and computational studies, 28, 29, 34 the energetics of all steps involved in the hydrophenylation of ethylene catalyzed by TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph were calculated and are summarized in Scheme 7.
The first step in the catalytic cycle is dissociation of the NCMe ligand from the 18-electron catalyst precursor TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph (4) to form a 16-electron active species TpRu{P(OCH 2 ) 3 CEt}Ph, which is calculated to have an unfavorable ∆G of 16.1 kcal/mol. Ignoring the sterically bulky P(pyr) 3 system, a correlation of the binding energy of NCMe with the electronic impact of the ancillary ″L" ligands of TpRu(L)(NCMe)Ph complexes is apparent. The TpRu-(CO)(NCMe)Ph complex has the highest coordination energy of NCMe (17.3 kcal/mol), corresponding to the highest experimental Ru(III/II) potential (1.02 V versus NHE). The dissociation of NCMe from complex 4 is calculated to be less endergonic at 16.1 kcal/mol (versus the CO congener), while the dissociation of NCMe from TpRu(PMe 3 )(NCMe)Ph is least endergonic (15.8 kcal/mol) among the three complexes. The experimental Ru(III/II) potentials (versus NHE) are 0.54 V for the P(OCH 2 ) 3 CEt complex 4 and 0.29 V for the PMe 3 complex.
Coordination of ethylene to the unsaturated species B leads to the η 2 -C 2 H 4 complex C. The process B + C 2 H 4 f C is exergonic by 6.1 kcal/mol. We have previously reported that TpRu{P(pyr) 3 }(NCMe)Ph does not coordinate ethylene, an experimental observation that is consistent with calculations that reveal the coordination of ethylene to the 16-electron system TpRu{P(pyr) 3 }Ph is endergonic (by about 1 kcal/mol). 35 The contrasting affinity to coordinate ethylene for the phosphite system versus the P(pyr) 3 complex probably results from the prodigious steric effect of the bulky P(pyr) 3 . The cone angle of the P(pyr) 3 ligand is 145°, 47 which is much larger than that of P(OCH 2 ) 3 CEt (101°). These calculated results are in accord with the experimental observations that the ethylene hydrophenylation catalyzed by TpRu(L)(NCMe)Ph occurs at low olefin pressure {between 10 and 25 psi for L ) CO or P(OCH 2 ) 3 CEt}, whereas ethylene hydrophenylation catalyzed by TpRu{P(pyr) 3 }(NCMe)Ph occurs only at higher olefin pressure (>100 psi) and, even then, with minimal catalytic turnovers. 35 The η 2 -C 2 H 4 complex C proceeds through a four-memberedring transition state TS1 for olefin insertion to form intermediate D, which possesses a κ 2 -CH 2 CH 2 Ph ligand. The transition state TS1 is similar to that of the insertion step in many olefin polymerization processes, 43 and the calculated ∆G + for olefin insertion into the phenyl ligand of C is 19.9 kcal/mol. The calculated change in Gibbs free energy from the coordinatively unsaturated species B to TS1 is only 13.8 kcal/mol, and starting from complex 4, the change in Gibbs free energy to TS1 is 29.9 kcal/mol. We have previously reported that TpRu(L)(C 6 H 6 )R complexes are calculated to have an interesting dichotomy in the benzene coordination mode (η 2 -CdC vs η 2 -C-H) due to the steric effects of co-ligand L, although the relative differences in free energies between them are very small. 34, 35 The intermediate E with ligands PMe 3 and P(pyr) 3 are η 2 -C-H (agostic) adducts, while E with the smaller ligand P(OCH 2 ) 3 CEt is calculated to have an η 2 -CdC coordination style similar to that of the CO congener.
The benzene C-H activation step transforms E to yield the final products, ethylbenzene and active species B, through a σ-bond metathesis/oxidative hydrogen migration transition state TS2. 25, 28, 43, 44 The calculated free energy of TS2 is the highest species along the overall potential energy surface. Therefore, the calculations suggest that benzene C-H activation is the ratedetermining step in the overall catalytic cycle using complex 4. Experimental and computational studies of catalytic ethylene hydrophenylation catalyzed by TpRu(CO)(NCMe)Ph are consistent with benzene C-H activation as the rate-determining step. 28 The calculated activation free energy (relative to E) for TS2 is 37.4 kcal/mol (relative to 4), lower than that for L ) PMe 3 (40.1 kcal/mol), 34 but substantially higher than that for L ) CO (30.9 kcal/mol). 34 As shown in Figure 7 , a significant geometric difference in the three transition states is the orientation of the benzyl group of the phenethyl moiety. In the transition state for L ) CO, the benzyl group is located proximal to the CO ligand. However, in transition states for L ) P(OCH 2 ) 3 CEt and PMe 3 , the benzyl groups rotate to a distal orientation relative to ligand L, a conformation likely due to steric repulsion from both L and Tp ligands. The C CH2CH2Ph · · · H and C Ph · · · H distances are different in magnitude for the different L ligands, Figure 7 , but the relative position of these transition states along their respective reaction coordinates is similar, as suggested by C CH2CH2Ph · · · H/C Ph · · · H ratios of ∼1.03-1.05 for all three co-ligands. Interestingly, the L ) CO TS, which has the most electronic-deficient metal center, also has the longest Ru · · · H distance among the three transition states (1.64 Å versus 1.58 Å for the PMe 3 -and phosphite-substituted transition states, Figure 7 ). The Ru-C bond distances in the TS for the CO complex are also elongated relative to the PMe 3 and P(OCH 2 ) 3 CEt systems; however, the magnitude of the difference for the calculated Ru-C bond distances is less than for the relative Ru-H bond distances. Olefin C-H Activation and Formation of TpRu{P(OCH 2 ) 3 -CEt}(η 3 -C 3 H 4 Me) (5). As shown in Schemes 5 and 6, a primary side reaction that can compete with catalytic ethylene hydrophenylation is ethylene C-H activation to ultimately produce TpRu{P(OCH 2 ) 3 CEt}(η 3 -C 3 H 4 Me) (5). Similar to benzene C-H activation, ethylene C-H activation is calculated to proceed through a σ-bond metathesis/oxidative hydrogen migration transition state (TS3 in Scheme 8) to form the Ru-vinyl intermediate F. Relative to the ethylene adduct C, the calculated activation free energy for the ethylene C-H activation step (27.3 kcal/mol) is considerably higher than that calculated for the ethylene insertion step (19.9 kcal/mol), which is consistent with the observation of several catalytic turnovers for ethylbenzene production before conversion to the allyl complex 5 (even if the calculated values do not coincide with experimentally determined relative rates). Ethylene C-H activation to give the Ru-vinyl complex F is calculated to be endergonic with ∆G ) 13.0 kcal/mol, which, given the similar bond dissociation energies of benzene C-H bonds (∼110 kcal/mol) 48 and vinylic C-H bonds (∼111 kcal/mol), 48 likely reflects the difference in binding energies of η 2 -ethylene (C) versus η 2 -benzene (F). It might be anticipated that the intermediate F will easily revert to the η 2 -C 2 H 4 complex C through benzene C-H activation by the vinyl complex in a benzene solution with low ethylene concentration.
For catalytic hydrophenylation by TpRu(L)(NCMe)Ph where L ) PMe 3 or P(OCH 2 ) 3 CEt, we have experimental evidence that the formation of TpRu(L)(η 3 -C 3 H 4 Me) complexes is the major pathway for catalyst decomposition. We have proposed that the allyl complexes are formed via an initial ethylene C-H activation step followed by an ethylene insertion and a consequent isomerization of the but-3-enyl ligand. as shown in Scheme 6. The potential energy surface for conversion of complex 4 to the allyl complex 5 was calculated (Scheme 9). As discussed above (see Scheme 8), intermediate F forms from ethylene C-H activation and can undergo benzene/ethylene exchange to form the thermodynamically more stable η 2 -C 2 H 4 complex H. The benzene/ethylene ligand exchange is calculated to be exergonic by approximately 16 kcal/mol. The ensuing ethylene insertion step involves a four-membered-ring transition state TS4 with a calculated activation free energy of 17.4 kcal/ mol (relative to H). This insertion leads to but-3-enyl complex I, which is calculated to possess a -H agostic interaction with the C-H bond elongated to 1.2 Å (Figure 8, left) . Subsequently, I can undergo a nearly barrier-free -H elimination reaction (the calculated activation energy is 0.8 kcal/mol for TS5 relative to I) to yield a hydride-butadiene complex J1 with a ∆G of -9.2 kcal/mol. Rotation of the butadiene ligand in J1 leads to isomer J2, which is 1 kcal/mol lower in free energy than J1 (Figure 8 , middle and right). The final allyl product K is proposed to form by hydrogen transfer from metal to butadiene through transition state TS6. This hydrogen transfer step is also calculated to be kinetically and thermodynamically feasible, with an activation free energy of 8.3 kcal/mol and a reaction free energy of -12.0 kcal/mol. Another possible hydrogen transfer pathway from the remote end of butadiene initiated directly from J1 was also examined. The located transition state is shown in Scheme 9 as TS7. This transition state is calculated to have a substantially larger barrier of approximately 47 kcal/mol relative to J1.
We have disclosed a new olefin hydroarylation catalyst, TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph (4), with reactivity that is consistent with our emerging picture of catalysis by TpRu(L)(NCMe)Ph systems. Complex 4 performs stoichiometric benzene C-H activation at a rate intermediate between the systems TpRu(L)(NCMe)Ph (L ) CO and PMe 3 ), a trend that is likely reflective of the overall electron-donating ability of the ligand L. Additionally, relative to the reactivity studies of the previously reported TpRu{P(pyr) 3 }(NCMe)Ph complex, catalysis with TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph (4) highlights the importance for TpRu(L)R systems that the ligand L bear minimal steric imposition. The reactivity of complex 4 has been extended to ethylene hydrophenylation to yield moderate turnovers of ethylbenzene. Catalyst activity is ultimately halted by competitive ethylene C-H activation that leads to the irreversible formation of TpRu{P(OCH 2 ) 3 CEt}(η 3 -C 3 H 4 Me) (5). These results coupled with previous conclusions concerning the activity of TpRu(L)(NCMe)Ph {L ) CO, P(pyr) 3 , and PMe 3 } systems help solidify a set of guidelines for viable hydroarylation catalysts of the form TpRu(L)(NCMe)R, in which the ligand L can be used to control the efficiency of substrate coordination and the rate of aromatic C-H activation, thus ultimately dictating the success for such systems to perform high yields of catalytic olefin hydroarylation. The ligand "L" must possess minimal steric bulk, and the d 6 /d 5 redox potential should be near 1.0 V versus NHE. The impact of reduced electron density (i.e., more electron-deficient than TpRu(CO)(NCMe)R systems)
has not yet been probed for this class of complexes. Such systems will likely require modification of the Tp ligand and are under analysis in our research laboratories.
Experimental Section
General Methods. Unless otherwise noted, all synthetic procedures were performed under anaerobic conditions in a nitrogenfilled glovebox or by using standard Schlenk techniques. Glovebox purity was maintained by periodic nitrogen purges and was monitored by an oxygen analyzer {O 2 < 15 ppm for all reactions}. 
Scheme 8. Calculated Gibbs Free Energy (kcal/mol) for the Ethylene C-H Activation and Ethylene Insertion from
TpRu(L)(η 2 -C 2 H 4 )Ph {L ) P(OCH 2 ) 3 CEt}
Benzene and tetrahydrofuran (stored over 4 Å molecular sieves) were dried by distillation from sodium/benzophenone. Pentane was distilled over sodium. Acetonitrile and methanol were dried by distillation from CaH 2 . Hexanes were purified by passage through a column of activated alumina. Acetone-d 6 , benzene-d 6 , and chloroform-d 1 were degassed with three freeze-pump-thaw cycles and stored under a dinitrogen atmosphere over 4 Å molecular sieves. 1 H and 13 C NMR spectra were recorded on a Varian Mercury 300 or 400 MHz spectrometer. All 1 H and 13 C NMR spectra were referenced against residual proton signals ( 1 H NMR) or the 13 C resonances of the deuterated solvent ( 13 C NMR).
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F NMR spectra were obtained on a Varian 300 MHz spectrometer and referenced against an external standard of hexafluorobenzene (δ ) -164.9 ppm). 31 P NMR spectra were obtained on a Varian 300 or 400 MHz spectrometer and referenced against an external standard of H 3 PO 4 (δ ) 0). Resonances due to the Tp ligand are listed by chemical shift and multiplicity only (all coupling constants for the Tp ligand are approximately 2 Hz). Electrochemical experiments were performed under a nitrogen atmosphere using a BAS Epsilon potentiostat. Cyclic voltammograms were recorded in CH 3 CN using a standard three-electrode cell from -2.00 to +2.00 V with a glassy carbon working electrode and tetrabutylammonium hexafluorophosphate as electrolyte. Tetrabutylammonium hexafluorophosphate was dried under dynamic vacuum at 110°C for 48 h prior to use. All potentials are reported versus NHE (normal hydrogen electrode) using cobaltocenium hexafluorophosphate as the internal standard. GC-MS was performed using a HP GCD system with a 30 m × 0.25 mm HP-5 column with 0.25 mm film thickness. Ethylene (99.5%) was used as received from MWSC High-Purity Gases. TpRu(PPh 3 ) 2 Cl, 38 Ph 2 Mg[THF] 2 , 49 and P(OCH 2 ) 3 CEt 36 were prepared according to published procedures. All other reagents were used as purchased from commercial sources.
TpRu{P(OCH 2 ) 3 CEt}(PPh 3 )Cl (1). TpRu(PPh 3 ) 2 Cl (1.226 g, 1.403 mmol) and P(OCH 2 ) 3 CEt (0.250 g, 1.540 mmol) were heated to reflux in benzene (50 mL) for 3 h. The solvent was removed in Vacuo, the residual material was dissolved in minimal THF, and a light yellow solid was precipitated with the addition of approximately 30 mL of hexanes. The precipitate was collected on a fine-porosity frit, washed with hexanes, and dried in Vacuo (1.004 g, 1.628 mmol, 93%). X-ray quality crystals were grown by slow evaporation from a solution of 1 in CH 2 Cl 2 layered with hexanes. 1 Catalytic Hydroarylation Reactions. A representative catalytic reaction is described. TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph (4) (0.013 g, 0.022 mmol) was dissolved in 2 mL of a stock solution of 0.1% hexamethylbenzene (HMB; internal standard) in benzene (0.145 g, 0.895 mmol of HMB in 80.0 mL of benzene). The homogeneous reaction mixture was placed in a stainless steel pressure reactor, charged with 50 psi ethylene pressure and heated to 90°C. After 4, 12, and 28 h, the reaction was analyzed by GC-FID and the peak areas of the sample injection were used with the internal standard to calculate product yields. Ethylbenzene production was quantified using linear regression analysis of gas chromatograms. A set of five known standards were prepared consisting of 1:1, 2:1, 3:1, 4:1, and 5:1 molar ratios of ethylbenzene to hexamethylbenzene in benzene. A plot of the peak area ratios versus molar ratios gave a linear regression fit. The slope and correlation coefficient for ethylbenzene were 0.656 and 0.985, respectively.
Kinetic Studies: Rate Determination for Activation of C 6 D 6 by TpRu{P(OCH 2 ) 3 CEt}(NCMe)Ph (4). A solution of 4 (0.039 g, 0.065 mmol), 1 equiv of acetonitrile (3.4 µL, 0.07 mmol), and a small crystal of hexamethylbenzene as standard in 2 mL of C 6 D 6 (22.6 mmol) was equally divided and transferred to three screw-cap NMR tubes. The set was heated to 60°C in a temperature-regulated oil bath.
1 H NMR spectra were periodically acquired through 3 half-lives (using a pulse delay of 5 s). Relative to the internal standard hexamethylbenzene, the rates of Ru-Ph/ Ru-Ph-d 5 exchange were followed by integration of the phenyl ortho resonance at 7.75. In addition, the rates of H/D exchange for the Tp 3/5 and the Tp 4 pyrazolyls were monitored by the resonances at 8.07 and 6.26 ppm, respectively.
Computational Methods. All calculations employed the Gaussian03 package. 50 The B3LYP functional (Becke's three-parameter hybrid functional 51 using the LYP correlation functional containing both local and nonlocal terms of Lee, Yang, and Parr) 52 and VWN (Slater local exchange functional 53 plus the local correlation functional of Vosko, Wilk, and Nusair) 54 were employed in conjunction with the Stevens (SBK) valence basis sets and effective core potentials for all heavy atoms and the -31G basis set for hydrogen. The SBK valence basis sets are valence triplet-for ruthenium, and double-for main group elements. The basis sets of main group elements are augmented with a d-polarization function: d ) 0.8 for boron, carbon, nitrogen, and oxygen and d ) 0.55 for phosphorus. The SBK scheme utilizes a semi-core (46-electron core) approximation for ruthenium and a full-core approximation for main group elements. All complexes modeled are closed-shell (diamagnetic) species and were modeled within the restricted Kohn-Sham formalism. All systems were fully optimized without symmetry constraint, and analytic calculations of the energy Hessian were performed to confirm species as minima or transition states and to obtain enthalpies and free energies (using unscaled vibrational frequencies) in the gas phase at 1 atm and 298.15 K.
